Abstract: This work investigates the Bidirectional Scatter Distribution Function (BSDF) at incident angles other than normal and at 544-nm wavelength of a Guided Mode Resonance Filter (GMRF) Photonic Crystal (PC) structure designed for normally incident light at 532 nm. Strong outcoupling of PC diffraction orders into both the transmitted and reflected hemispheres was observed specifically at a 25.7° incidence angle, which we attribute to this incident angle/wavelength pair being a good match to the ( ± 1, 0) PC grating mode. BSDF measurements at incident angles of 15° and 35° also displayed some out-coupled diffraction, though much lower in magnitude, and are also attributed to being a weaker match to the ( ± 1, 0) PC grating mode. Three-dimensional finite-difference time-domain Maxwell's equation simulations demonstrate that since this GMRF was designed for complete destructive interference of the transmitted light upon normal incidence, stronger out-coupling of the diffraction is expected for modal solutions as the angle of incidence increases.
Introduction
Photonic crystals (PC's) are periodic optical nanostructures that are designed to manipulate the flow of light. Distinct optical phenomena associated with PC structures include negative refraction [1] , super-prism [2] , self-collimation [3] and lensing [4] , light trapping [5] and slow light [6] , and Fano resonance [7] . Guided mode resonance filters (GMRF's) are structures in which a one-or two-dimensional (1-or 2-D) PC is embedded in a planar dielectric structure such that a portion of light incident at a particular angle and wavelength is diffracted into that structure where it resonates. The trapped light is then re-diffracted out of the structure such that it interferes destructively with the otherwise transmitted portion of the beam. At the design angle and wavelength, there can be complete interference and no light transmission [8] [9] [10] [11] . GMRF structures have been discussed in terms of Wood's anomaly [12] , used for biosensing [13, 14] , and made tunable optically [15] or with liquid crystals [16, 17] and dyes [18] . This work investigates the Bidirectional Scatter Distribution Function (BSDF) of a GMRF at incidence angles and wavelengths other than those for which the structure was designed.
The BSDF is the combination of the BRDF (reflectance) and BTDF (transmittance), and is defined as the scattered radiance, L s , (W-cm −1 -Sr −1 ) per incident irradiance, E i (W-cm −2 ). Practically, since the illuminated area in a BSDF experiment is also the (reflected or transmitted) radiant area, the BSDF can be defined as the collected radiant flux, Φ s , per solid angle, Ω s (as defined by the detection aperture and its distance from the sample), per incident flux, Φ i , adjusted for the projected area of the source as viewed by the detector (cos θ s ):
BSDF measurement of PC's in the literature is sparse, including periodic nanoarrays [19] , 2-D hexagonal PC's [20] , natural PC's [21] [22] [23] , self-assembled PC's [24] , and even including critical dimension metrology [25] [26] [27] . This work presents novel BSDF and spectral collinear transmittance measurements of a GMRF PC structure, along with supporting analysis.
Sample
The GMRF structure studied here was fabricated using a nanoreplica molding process described in detail by Yang et al. (Fig. 1) [10] . UV-cured polymer (UVCP) atop a polyethylene terephthalate (PET) substrate received the pattern from a silicon master with a 2D square lattice of 150-nm diameter circular posts on a 300-nm period. After UV curing, a thin film of titanium dioxide (TiO 2 ) with high refractive index (n = 2.42 at λ = 532 nm) is sputter deposited on top of the UVCP to serve as a high refractive index layer over the low refractive index (n UVCP = 1.45 at λ = 532 nm) replica-molded grating structure to produce a PC structure that results in resonant optical reflection. A successive nanoreplica molded UVCP layer may then be fabricated atop the TiO 2 layer, and the process continued. The structure studied here is a stack of three PC filters. The thicknesses of the UVCP layers that are sandwiched between the TiO 2 films are ~5 μm, which is substantially greater than the designed resonant wavelength. As a result, there is no mode coupling between the PC layers, each layer behaves as an independent filter, and there is no requirement for tight tolerance on either the thickness of the UVCP layer or the lateral alignment of upper PC filters with respect to filters beneath. 
Spectral transmission measurements
Spectral transmission of this three-layer GMRF was measured for off-normal incidence and p-, s-and un-polarized incident light using a Cary 500 Spectraphotometer, a grating monochromator with a Littrow mount. The angular resolution of these measurements was typically 5°; however, for the un-polarized measurements, 1° steps were taken between 24° < θ i < 27°. (θ i ≈25° will prove of interest later.) These measurements are shown in Figs. 
2(a)-2(d).
Analysis of the spectral transmission measurements was performed by developing spectral transmission and reflection simulations for one layer of this GMRF structure in a 3-D finitedifference time-domain (FDTD) Maxwell's equation solver as functions of incident angle and polarization. Specifically, Lumerical FDTD® was used. The structure's geometry in simulation was built using circular features following the circular posts described for the nanoreplica mold silicon master [10] . Figure 3 shows a schematic of the simulated structure. Definitions for all refractive indices also followed Yang [10] . The unit cell of the simulation consisted of one period (Λ = 300 nm) in the x-and y-directions using Bloch boundary conditions, and a 600-nm span in the z-direction (transverse to the PC layer) with a Perfectly Matched Layer (PML) boundary condition.
Using this configuration, the plane wave excitation begins inside the UVCP (ε 1 in Fig. 3 ) and the wavelength was adjusted accordingly. Also, to compare the simulated data directly to measured data, the incident angle was adjusted by Snell's law,
where i sim θ − is the incident angle in the simulation, n UVCP is the refractive index of UVCP,
is the incident angle in the measurements and the incident angle at which all simulation data is presented.
Simulated sweeps in incident angle, θ i , wavelength, λ, for s-, p-and un-polarized light, and for azimuthal orientation of the 2-D GMRF structure with respect to the plane of incidence (φ = 0 or 45°) were completed. The hemispherical transmission and reflection were measured with two Frequency Domain Power Monitor (FDPM) planes with their normals in the z-direction. The transmission monitor was placed below the structure and the reflection monitor above the source. Results are shown in Fig. 4 .
The measured data of Figs. 2(a)-2(d) and the simulated data of Fig. 4 can also be analyzed by considering it to be the simple phase-matching problem of a grating-coupled waveguide.
where k is the propagation constant, Λ is grating period, and β m is the waveguide propagation constant of the m th mode, where n eff is the effective refractive index in which the m th mode propagates. Since GMRF's are designed for resonance at θ i = 0 for the m = 1 mode, n eff was approximated here as n eff = λ θ = 0,m = 1 /Λ. For the 2-D GRMF studied here,
where ŝin cos 
sin sin sin cos 
BSDF measurements
The BSDF measurements presented here were made with a Schmitt Measurement Systems, Inc. Complete Angle Scatter Instrument (CASI) using a 544-nm wavelength HeNe laser. The CASI detector is located on a goniometric arm 50 cm away from the sample behind one of four 300-μm to 1.385-cm diameter apertures, implying the solid angle in which the scatter distribution ranged 71 nSr-151 μSr. The detector field of view includes the laser spot on the sample and little significant area outside this, and has a chromatic filter for 544 nm. The CASI also uses a chopper and lock-in detection, making measurements relatively insensitive to ambient light. Calibration experiments against a National Institute of Standards and Technology (NIST) certified reflectance standard showed that the BSDF values are within 2% of the expected value when the system is aligned for the 544-nm source [28] . The CASI is designed for in-plane measurements; i.e. the collection receiver stays in the plane created by the incident beam and the surface normal of a vertically oriented sample for both reflection and transmission. In this fashion, the polarization angle of incident and scattered light relative to the sample is insensitive to rotation of the sample about a vertical axis on the surface of the sample. The incident laser polarization is neither perfectly linear nor perfectly aligned either vertically or horizontally. Therefore, a polarizer and half-wave plate were used to ensure the largest incident power and rotate an incident linear polarization state into vertical or horizontal alignment. The polarization state of the scattered light was not collected.
Measurements out of the plane of incidence are accomplished by rotating the sample about a horizontal axis on its surface. The CASI system is basically designed for in-plane measurements; however, by rotating the sample about its horizontal axis, it is possible to collect out-of-plane BSDF data. The θ i and θ s values produced by the CASI from a tilted sample assume the sample is vertical. Therefore, a geometric coordinate transformation was applied to the BSDF measurements to ensure the results are presented in the sample-centered coordinate system. The transform used here was described in detail by Germer [29] . The BSDF of this PC structure, designed to be a GMRF for normally incident light at 532 nm, was measured at 544 nm. In-plane results for transmittance and reflectance distributions for φ = 0 are shown in 
Note the increased retro-reflection in the BRDF at θ i ≈25° and the corresponding increased transmittance at that incident angle in BTDF ((a) and (b)), and the lower-magnitude ridges apparent at θ i ≈25° and θ t,r ≈25° in all plots. The data for in-plane s-polarized BTDF and BRDF at θ i = 25.7° is shown in Figs. 6 (a) and 6(b). Here, it is obvious that the increased scatter is due to out-coupled diffraction orders. Out-of-plane BRDF measurements were also made at θ i = 15° and 35°. Although some outcoupled diffraction was also observed at these angles, its magnitude was much less than that at 25.7°. Note the missing BRDF data in Fig. 6(a) at ~21° < θ s < ~29° is due to the detector occluding the incident laser. Figure 6 (c) is a photograph of the reflected diffraction pattern over a ~5° solid angle centered on the specular direction at θ i = 25.7°. Out-of-plane BRDF measurements for both p-and s-polarizations are shown in Figs. 6(d) and 6(e) . The appearance of this data is due to the nature of the out-of-plane measurements being made as individual slices across the reflectance hemisphere. For this reason, it was difficult to capture all the out-of-plane diffraction orders, making this an incomplete measurement set.
To analyze the BSDF measured at λ = 544 nm and θ i = 25.7° further, a second Lumerical FDTD® simulation was performed, modeling the GMRF structure as a single-layer 2-D PC sandwiched by 500 nm of UVCP on the top and bottom. Grating orders and their strengths were calculated in all directions. In the z-direction (again, transverse to the PC layer), only specular grating orders were calculated. However, in the x-and y-directions, multiple grating orders were calculated and their strengths determine power propagating parallel to the grating periodicity. These results are shown in Fig. 7 , where normalized x/y transmission corresponding to the wavelength and incident angle points shown in the inset is plotted. The inset shows s-polarization transmittance as a function of λ and θ i , similar to Fig. 4(b) . Since the GMRF was designed for destructive interference of the design wavelength (532 nm) upon transmission at normal incidence, normalized x/y transmission of the m = 1 modes at θ i = 0 is zero, as expected. The x/y transmission of all the modes then increases with incident angle.
Grating orders and their directions for three of the λ and θ i locations shown in the inset of Fig. 7 , A, B and C, are shown in Fig. 8 . The black dotted lines represent the incident light, the blue lines represent the specular reflection, and the red and green lines represent the magnitude of the power transmitted in the x-and y-directions. (A) For normal incidence at 532 nm, essentially no power is transmitted into the structure. (B) For off-normal incidence at wavelengths not corresponding to a grating-coupled mode, x/y transmission is also minimal. But (C), for off-normal incidence at wavelengths corresponding to coupled modes, x/y transmission is significant, and leads to the out-coupling seen in our BSDF measurements.
Conclusion
This work investigated the BSDF at incident angles other than normal and at 544-nm wavelength of a GMRF PC structure designed for normally incident light at 532 nm. We found strongly out-coupled PC diffraction orders into both the transmittance and reflectance hemispheres for light incident at 25.7°. Our analysis included developing a full 3-D FDTD Maxwell's equation solution to this experiment, and we found such out-coupled diffraction should be expected whenever the incident angle and wavelength match one of the grating modes for the PC structure. The 544-nm wavelength/25.7° incidence angle combination here appears to match well with the ( ± 1, 0) PC grating mode. Our simulations also show that since this GMRF was designed for complete destructive interference of the transmitted light upon normal incidence, stronger out-coupled diffraction should be expected for modal solutions as the angle of incidence increases. BSDF measurements at incident angles of 15° and 35° also displayed out-coupled diffraction, though much lower in magnitude, which is again attributed to these incidence angle/wavelength pairs being weaker matches to the ( ± 1, 0) mode. 
